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Role of growth factors in mesangial cell ion channel regulation
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Glomerular mesangial cells are located between and within
glomerular capillary loops, phenotypically resemble vascular
smooth muscle cells, and play an essential role in regulating
glomerular filtration and growth [1—6]. In response to locally-
produced and circulating growth factors [that is, insulin-like
growth factors (IGF) including insulin, platelet-derived growth
factor (PDGF), and epidermal growth factor (EGF)], mesangial
cells demonstrate both contractile and mitogenic responses. Stim-
ulation of growth factor receptor-linked tyrosine kinase activity is
required for tyrosine autophosphorylation of growth factor recep-
tors, receptor internalization, inositol phospholipid turnover,
changes in intracellular pH and [Ca2I, and DNA synthesis and
mitosis [1—3, 5].
Mesangial cells also show contractile and mitogenic responses
to vasoactive peptides which are not traditionally considered
growth factors [that is, angiotensin II (Ang II) and endothelin-1
(ET)] [1, 2, 4, 6]. ET and Ang II increase tyrosine-specific, protein
phosphorylation without these ligands having direct receptor-
linked, tyrosine kinase activity. In addition, Ang II stimulates
mesangial cell expression of both PDGF and ET [1, 2, 4].
Our recent patch clamp studies have characterized ion channels
in the membranes of cultured rat glomerular mesangial cells
which are stimulated by classic renal growth factors, including
PDGF and insulin [7—10], and vasoactive peptides which possess
mitogenic effects, including Ang II and ET [9, 11—13] (Fig. 1).
These ion channels promote extracellular Ca2 entry via classic,
voltage-activated Ca2 channels and/or receptor-operated, Ca2-
permeable channels.
Role of ion channels in mesangial cell calcium transport
Regulation of mesangial cell ion channels by growth factors
plays an essential role in controlling Ca2 entry and Ca2-
dependent responses, namely cellular contraction and growth(Fig. 1). In both mesangial cells and phenotypically similar
vascular smooth muscle cells, receptor binding to growth factors
stimulates a biphasic elevation in intracellular [Ca2']1 [14—161.
The initial phase involves hydrolysis of membrane phospholipids
by phospholipase C, generation of inositol 1,4,5-triphosphate(1P3), and release of intracellular [Ca2 ] stores. The second
phase involves extracellular Ca2' entry via both classic, voltage-
activated Ca2 channels and a receptor-operated, Ca2' pathway
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[16]. Classic, voltage-activated Ca2' channels are activated by
membrane depolarization. Indirect evidence suggests that mem-
brane depolarization in mesangial and vascular smooth muscle
cells is mediated by CL efflux through a Ca2-dependent, CL
conductance and cation influx through a nonselective cation
conductance [16—181. Voltage-independent, receptor-operated,
or leak Ca2' currents have also been described in various other
nonexcitable tissues [15, 16]. This latter Ca2 current provides an
alternative pathway for the entry of extracellular Ca2' which does
not require cell membrane depolarization. It also provides an
alternative mechanism by which growth factors can regulate
Ca2-dependent, cellular processes such as contraction and
growth.
Despite the evidence for such conductive pathways promoting
Ca2 entry in mesangial and vascular smooth muscle cells, their
characterization at a single channel level has been limited [19, 20].
Therefore, we performed patch clamp experiments designed to
characterize ion channels capable of promoting mesangial cell
membrane depolarization and therefore, Ca2 entry via voltage-
activated, Ca2 channels.
Ca2-dependent, C1 channels and nonselective
cation channels
Rat glomerular mesangial cells were cultured in the presence of
insulin (100 mU/ml) and standard RPMI medium (11 mrvi glu-
cose) [9]. Mesangial cell membrane depolarization (that is, inward
current flow) could be mediated by an outward anion conductance
and/or an inward cation conductance.
In 12% of cell-attached patches, we observed inward current
events compatible with a small, outward CL conductance [9].
These channels had: (1) a 4 pS unit conductance, (2) low basal
channel activity measured as NP0 (the number of channels per
patch times the probability of a single channel being open) = 0.05,
(3) no significant voltage-dependent activation, and (4) a current-
voltage (I-V) relationship with slight outward rectification (Fig.
2). Raising the "cytoplasmic" bath C1 concentration in excised,
inside-out patches shifted the I-V curve positively (Erevdepolar-
ized) and yielded a calculated permeability ratio for Pcj:PNa of>
50. Directly raising the free Ca2 concentration (10 to iO M)
bathing the cytoplasmic surface of the channel markedly increased
open probability tenfold and confirmed that this was a
dependent CL channel.
In 20% of cell-attached patches on mesangial cells grown with
insulin, we observed a second channel type with a 27 pS unit
conductance and a linear I-V relationship [9]. This channel was
also rarely open (NPO < 0.05) and was insensitive to either
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Fig. 2. Candidate mesangial cell ion channels for mediating membrane depolarization. (A) Current-voltage (I-V) relationship for 4 pS Cl channel.
Cytoplasmic ion replacement experiments for six excised inside-out patches are represented with cytoplasmic bath containing 12 mM Cl (LI), 142 mM
Cl (A), or 242 mi C1 (0). (B) I-V relationship for 27 pS nonselective cation channel. For five inside-out patches, the cytoplasmic bath contained 5
mM NaCl/140 mivi KC1 (0), 124 mrvi Na gluconate (L), or 240 mM mannitol (A). Cytoplasmic Ca2 was 106 M for all ion replacement experiments.
Figure modified from reference [91.
membrane depolarization or hyperpolarization. In contrast to the
4 pS C1 channel, cytoplasmic ion substitution experiments re-
vealed that the 27 pS channel was nonselective for Na' over K,
but relatively impermeable to C1 (PCI:PNa:PK 0.1:1:1) (Fig. 2).
Confirming that this was a Ca2 +
-dependent, nonselective cation
channel (NSCC), direct exposure of the cytoplasmic surface of
inside-out patches to progressively higher Ca2 concentrations
(10—s to iO M) also increased open probability.
C1 and NSCC are activated by angiotensin II, but only in the
presence of insulin
Insulin-like growth factors, including insulin, appear to be
mitogenic for mesangial and vascular smooth muscle cells, and a
hypertrophic factor in experimental renal disease [2, 211. Insulin
deficiency is observed in individuals with Type I diabetes mellitus,
while hyperinsulinemia is observed in individuals with Type II
diabetes mellitus, hypertension or obesity [9]. Studies in cultured
rat mesangial cells have shown that insulin is required for normal
intracellular [Ca2]1 transients and contraction to occur in re-
sponse to Ang II, PDGF and ET [22, 23]. Several groups have also
presented indirect evidence that the mesangial cell depolarization,
Ca2 entry and contraction induced by vasoactive peptides [that
is, Ang II, ET, arginine vasopressin (AVP), platelet-activating
factor] is dependent on Ca2-dependent, CL transport [17, 18].
Therefore, we investigated how Ang II and insulin influenced the
activity of Ca2-dependent, 4 p5 Cl— channels and 27 p5 NSCCs
in mesangial cells.
At resting membrane potential, we have shown that acute
application of ito 100 nM Ang II to the extracellular bath abruptly
increases the activity of both the 4 pS CL channel and the 27 pS
NSCC in mesangial cells grown in the presence of insulin [9, 20].
CL and NSCC were also activated by other vasoactive peptides
which possess mitogenic actions on mesangial cells, including 100
nM AVP and 10 flM ET [11].
Hydrolysis of mesangial cell membrane phospholipids in re-
sponse to these vasoactive peptides is associated with the release
of 1P3-sensitive, intracellular [Ca2]1 stores [2]. Acute exposure to
0.25 sM thapsigargin stimulates 1P3-independent, release of intra-
cellular [Ca2]1 stores and mimics the stimulation of both Ca2-
dependent channels by Ang II, AVP, and ET [9, 11].
We then grew mesangial cells in medium containing the same
glucose concentration (11 mM), but without insulin [9]. Under
these insulin-deficient conditions, CL channels were rare (4% of
cell-attached patches), less sensitive to activation by intracellular
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Fig. 3. Activation of Cl and NSCC by acute insulin and Ang II exposure. (A) Cell-attached patch shows progressive increase in C1 channel activity after
5 and 15 minutes exposure to high dose (100 sU/ml) insulin. A further increase in channel activity is seen with subsequent addition of 100 nM Ang II.
(B) Cell-attached patch shows no change in NSCC activity after 15 minutes exposure to low dose (10 iU/ml) insulin, but channel stimulation after
subsequent addition of 100 nM Ang II. = —20 mV, Fe = 1 KHz, sampling = 5 KHz and no software filtering. Figure modified from reference
[9].
[Ca2], and unresponsive to Ang II or thapsigargin. Similarly, the
27 pS NSCC also showed no response to Ang II or thapsigargin
exposure in the absence of insulin. However, 15 minute repletion
of insulin to these insulin-deficient mesangial cells restored C1
and NSCC responsiveness to Ang II (Fig. 3). Figure 4 plots NP,
recorded for channels in mesangial cells grown without insulin
(Basal). C1 and NSCC activity was increased by 15 minutes
exposure to high dose insulin (100 U/ml or 100 mU!ml) alone.
Acute exposure to high or low dose insulin (1 j.tU/ml or 10 tU/ml)
also restored the responsiveness of both channels to Ang II. Both
acute and chronic insulin exposure also raised the sensitivity of
both channels to direct activation by intracellular [Ca2] in
excised patches.
Angiotensin II receptor binding is dependent on insulin
In cultured rat and human mesangial cells, other investigators
have shown that Ang II binds only to a single class of AT1
receptors with dissociation constants (Kd) ranging from 0.37 to 2.8n and number of binding sites (Bm) ranging from 6.93 to 43.5
fmol/mg protein [9]. This large variability in Ang II receptor
binding may have been due to differences in culture conditions
since extracellular insulin and glucose concentrations were not
noted in these previous studies. Therefore, we performed mesang-
ial cell Ang II receptor binding assays under the same insulin
exposure conditions used in our patch clamp studies above.
Ang II bound to rat mesangial cells in a saturable manner when
measured at 4°C to prevent receptor internalization [9]. In the
absence of insulin, Bm, was 2.44 fmol/mg protein and Kd was 3.0
flM. Insulin-deficient, mesangial cell cultures were then exposed to
either low dose insulin (10 tUIml) or high dose insulin (100
mU/mi) for 15 minutes prior to Ang II binding. However, acute
insulin did not significantly change either Bmax or Kd from values
obtained from insulin-deficient cells. In contrast, when mesangial
cells were chronically exposed to 100 mU/ml insulin, there was a
marked increase in Ang II binding. This increase was due to a
significant increase in the number of Ang II binding sites (Bmax =
17.4 fmol/mg protein), while Kd was not significantly affected.
C1 and NSCC activation by angiotensin II is reduced by high
extracellular [glucose/
In addition to abnormal plasma insulin levels, another impor-
tant component of the diabetic milieu is hyperglycemia. Extracel-
lular glucose affects several mesangial cell responses mediated by
the growth-stimulatory agent, Ang II [9, 24]. These responses
include inositolphosphate hydrolysis, diacylglycerol release, pro-
tein kinase C (PKC) activation, and cellular contraction and
proliferation. Therefore, we have also begun to investigate the
effects of external glucose on mesangial ion channel activity.
For one week prior to cell-attached patching, mesangial cells
were incubated in serum-free media with a constant (100 mU/mi)
insulin concentration, but varied glucose concentration. In pre-
liminary cell-attached patch clamp experiments, exposure to 100
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Fig. 4. Cl and NSCC responsiveness to Ang II is dependent on insulin.
Cultured rat mesangial cells were grown in the absence of insulin and then
acutely exposed to exogenous insulin at various concentrations. CL
channel (A) and NSCC (B) activity in response to high dose insulin [(V)
100 sU/ml insulin; (0)100 mU/ml insulin] and low dose insulin exposure
[(s) 10 U/ml insulin; (U) 1 sU/ml insulini. NP0 is depicted before and
15 minutes after insulin exposure for cell-attached patches at -V1,, =
—20mV. Basal NP0 was calculated for the three minutes recording period
just before acute insulin exposure. NP0s were then calculated for 1 to 2
minutes of recording 15 minutes after insulin exposure and immediately
after Ang II exposure. Symbols connected by lines represent relative
change in channel activity for the same cell-attached patch. Figure
modified from reference [9].
flM Ang II increased 4 pS CL and 27 pS NSCC activity> tenfold
in the presence of a physiologically "normal glucose" (5 m or 90
mg/dl) concentration in the extracellular bath [11]. In sharp
contrast, cells grown in "high glucose" (30 m or 540 mgldl)
demonstrated no stimulation of CL and NSCC activity with Ang
II exposure. Preincubation with 30 m fructose or mannitol,
instead of glucose, had no effect on Ang Il-induced channel
stimulation. Therefore, this effect appears to be specific for the
sugar glucose and independent of changes in extracellular osmo-
larity.
We find that the inhibitoiy effects of high glucose on CL and
NSCC activation can be overridden with acute exposure to 0.25
j.M thapsigargin. This suggests that high glucose interferes with
Ca2-dependent, channel activation at a step proximal to 1P3-
mediated, release of intracellular [Ca2]1 stores. In diabetic renal
cells, excess glucose competes with myo-inositol for cellular
uptake [24—26]. Excess glucose increases, while myo-inositol
decreases, the de novo synthesis of diacyiglycerol and activation of
PKC. PKC, in turn, inhibits phospholipase C (PLC) and the
release of IP3-sensitive, intracellular [Ca2]1 stores [241. Alterna-
tively, excess glucose can also be metabolized by the polyol
pathway to produce sorbitol via aldose reductase. Our preliminary
studies show that myo-inositol supplementation or PKC inhibi-
tion, but not aldose reductase inhibition restored Ang Il-induced,
channel activation in the presence of high glucose [11]. Goldfarb,
Simmons and Kern [261 have reported that dietasy myo-inositol
supplementation prevents the glomerular functional changes usu-
ally observed in rats with streptozotocin-induced diabetes.
Role of mesangial cell ion channels in diabetic nephropathy
Diabetic nephropathy is the most common cause of end-stage
renal disease in the United States, and is a leading cause of
morbidity and mortality among patients with diabetes mellitus [27,
28]. At the onset of both Type I and II diabetes mellitus,
approximately 2/3 of the patients experience functional renal
changes, including a dramatic elevation in glomerular filtration
rate (GFR) [29]. Both retrospective and prospective studies of
diabetic patients have consistently documented that this "hyper-
filtration" response occurs years before the onset of incipient
nephropathy and predicts which diabetics will develop overt
nephropathy, proteinuria, and progressive renal failure [9, 24, 29].
Proposed mechanisms mediating diabetic hyperfiltration involve
abnormal responsiveness of glomeruli to vasoactive peptides and
growth factors. This altered response to growth factors is some-
how mediated by insulin deficiency (or resistance) and hypergly-
cemia. There is substantial evidence both in diabetic humans and
animal models that provision of insulin and improved glycemic
control corrects or prevents glomerular hyperfiltration [9, 24, 29].
Renal micropuncture and clearance studies have shown that the
elevated GFR, single nephron GFR, and glomerular hydraulic
pressure observed in diabetic rats is reduced by intrarenal infusion
of insulin and Ca2 [29]. However, glomerular hyperfiltration was
restored if the Ca2 channel blocker, verapamil, was infused after
insulin and Ca2.
Our studies indicate that rat mesangial cells contain both
Ca2-dependent, 4 pS CL channels and 27 pS NSCC (Fig. 5).
These channels promote mesangial cell depolarization by allowing
CL efflux and cation influx. This leads to the stimulation of
classic, voltage-activated Ca2 channels. These CL and NSCC
are stimulated by vasoactive/mitogenic peptide-mediated in-
creases in intracellular [Ca2] levels. Channel sensitivity to
activation by intracellular [Ca2] and Ang II receptor density is
dependent on the presence of the growth factor, insulin. In the
absence of insulin, the responsiveness of CL and NSCC to
activation by Ang II is abolished. Our studies also suggest that
high glucose interferes with mesangial cell 1P3 generation and
Ca2-dependent stimulation of CL and NSCC.
Importantly, we found that the responsiveness of CL and
NSCC to Ang II required insulin concentrations which fall in the
range of plasma levels observed in normal, obese, and hyperten-
sive subjects, and subjects receiving therapeutic insulin supple-
ments (that is, 1 to 100 U/ml) [9]. Likewise, we find that normal
regulation of CL and NSCC activity is also modulated by a range
of glucose concentrations commonly observed in the plasma of
diabetic humans (5 to 30 m or 90 to 500 mg/dl). The requirement
for normal insulin and glucose levels, for the proper regulation of
the 4 pS CL channel and the 27 pS NSCC, provides a mechanism
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Fig. 5. Model for regulation of C1, NSCC and
voltage-activated Ca2 channels by insulin and
glucose. Vasoactive peptides stimulate receptor-
mediated phospholipid hydrolysis generating
1P3. Release of intracellular Ca2 stores
stimulates C1 channels and NSCCs. C1 efflux
and cation influx depolarizes the mesangial cell
membrane and stimulates voltage-activated
Ca2 channels. Ca2 influx results in mesangial
cell contraction and growth, and decreased K.
C1 channel and NSCC activation requires
exogenous insulin and is attenuated by high
glucose concentrations.
for the impaired Ca2 uptake and contraction observed in gb-
merular mesangial cells in association with insulin deficiency and
hyperglycemia [29].
Defective Cl — and NSCC responses to growth factors, such as
insulin, Ang II, AVP and ET, would inhibit voltage-dependent,
Ca2 entry and promote mesangial cell relaxation, increased
glomerular ultrafiltration coefficient (Kf), and increased GFR.
Therefore, further study of these two mesangial cell ion channels
is of vital importance to our understanding the pathogenesis of
diabetic hyperfiltration and nephropathy.
Receptor-operated, ca2+ -permeable channels
In addition to voltage-activated Ca2 channels, a receptor-
operated, Ca2 entry pathway also plays an important role in
mesangial and vascular smooth muscle cell contraction and
growth [16]. This latter Ca2 entry mechanism appears to be very
important to mesangial cell function, particularly growth factor-
mediated responses. Therefore, we have used both single channel
and whole cell patch recording techniques to characterize this
alternative, Ca2 entry pathway in mesangial cells.
In cell-attached patches on cultured rat mesangial cells, we
identified an 1.0 pS inward current conductance with either 110
mM Mn2 or Ca2 in the pipette solution [7, 8]. In most
experiments, we used Mn2 as the charge carrier since classic,
voltage-activated Ca2 channels are not generally permeable to
Mn2t In excised inside-out patches, the permeability ratio for
PMfl:PNa was 1.65 and for PCa:PNa was 1.24. This channel would
normally appear as a nonselective cation channel, but with
significant divalent permeability. Under basal conditions, this
channel was observed in only 12% of cell-attached patches with
brief, flickery openings and a very low NP0 < 0.05. Finally, in
contrast to classic, voltage-activated Ca2 channels, the open
probability for this 1 pS channel was not markedly dependent on
voltage.
Ca2 -penneable cation channels are activated by platelet-derived
growth factor
Mesangial cells express PDGF-13 receptors and demonstrate
increased Ca2 entry and mitogenesis in response to PDGF-BB
[3, 5, 30]. Therefore, we used single channel methods to investi-
gate the effect of PDGF-/3 receptor activation on the 1 pS
Ca2-permcable channel in cultured rat mesangial cells.
When 50 nglml PDGF-BB was added to the extracellular bath
outside the cell-attached pipette, channel activity was unchanged
(Fig. 6A). In contrast, when we added 50 nglml PDGF-BB to the
pipette solution, there was a dramatic increase in the activity (>
10-fold) and incidence (56% of cell-attached patches) of the
Ca2-permeahle cation channel (Fig. 6B) [7, 8]. The requirement
for PDGF inside the patch pipette suggests a close coupling
between PDGF receptors and the channel itself.
We have also begun to investigate potential intracellular sig-
naling mechanisms for this PDGF-induced channel activation.
Our preliminary experiments have suggested a role for PDGF
receptor-linked tyrosine kinase activity. Application of 100 .tM
genistein (a tyrosine-kinase inhibitor) to the extracellular bath
attenuates PDGF-induced channel activity in cell-attached
patches [7, 10].
To characterize the contribution this channel makes to ion
transport in the whole mesangial cell, we used the perforated,
whole-cell patch technique (Fig. 7) [8]. Six minutes after exposure
to 50 ng/ml PDGF-BB, we observed a whole cell inward current of
—12.0 3.3 pA (at Vm = —100 mV, carried by 110 mtvi MnCl2)
and a measured cell capacitance of 27.3 pP. Using these values in
0.1 -
0.0
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combination with our single channel data, we calculated that
PDGF-stimulated mesangial cells contained 1000 channels per
cell or 4 >< io channels/cm2. This large channel density supports
a physiologic role for this mesangial cell channel in PDGF-
mediated Ca2 entry.
This PDGF-induced channel provides a receptor-operated
pathway for the entry of extracellular Ca2 into mesangial cells
(Fig. 8). This receptor-operated Ca2 entry pathway does not
require mesangial cell membrane depolarization for activation. It
also provides an alternative mechanism by which vasoactive and
mitogenic ligands can regulate Ca2-dependent mesangial cell
responses, such as contraction and growth. Such a channel may
correspond to the agonist-induced, voltage-independent, or leak
Ca2 currents described in various nonexcitable tissues, including
vascular smooth muscle and endothelial cells [15, 16].
Mesangial cell ion channels play a central role in mediating
glomerular disease processes
Consistent with our hypothesized model of mesangial cell signal
transduction (Fig. 1), we have characterized mesangial cell ion
channels (4 p5 C1 channels, 27 pS nonselective cation channels,
and 1 pS Ca2-permeable channels) which promote extracellular
Ca2 entry, resulting in mesangial cell contraction and growth. In
addition to the above work on the pathogenesis of diabetic
nephropathy, our preliminary results also indicate that other
non-diabetic renal processes (such as cyclosporine nephrotoxicity
and furosemide-induced diuresis) are mediated through alter-
ations in mesangial cell ion channel responses to growth factors.
These observations reinforce the concept that these mesangial cell
ion channels play an essential role in mediating both physiologic
and pathologic glomerular processes.
Cl channel and NSCC activation by endothelin-1 is augmented
by cyclosporine
The endothelium-derived constricting factor, endothelin-1, is
another peptide which affects Ca2 signaling and stimulates both
mesangial cell contraction and growth [6, 31—33]. ET has been
implicated in the pathogenesis of cyclosporine nephrotoxicity, a
common complication which limits the use of this drug in the
treatment of organ transplant rejection and autoimmune diseases
[31, 34]. In mesangial cells, cyclosporine increases intracellular
[Ca2] and enhances contractility in response to vasoactive
peptides, including ET [31]. Cyclosporine also stimulates the
production and secretion of ET by glomerular capillary endothe-
hal cells, and ET receptor antagonists reverse cyclosporine-
induced glomerular constriction [32]. Therefore, we investigated
whether ET and cyclosporine affect the C1 and NSCC which
mediate mesangial cell membrane depolarization and voltage-
activated Ca2 entry.
In cell-attached patches, preliminary experiments have shown
that the addition of 10 nM ET alone to the extracellular bath
increased C1 and NSCC activity by > tenfold [12]. Pretreatment
A
00z
B
6 sec Fig. 6. PDGF-induced, Ca2tpenneable channel
in mesangial cells. (A) Cell-attached patches
show scant I pS channel activity before and
after exposure to PDGF-BB (50 ng/ml) in the
bath outside the pipette. (B) Activation of 1 pS
channel activity by PDGF-BB (50 ng/ml) in the
pipette solution. Cell-attached pipette at
1 = 0 mV (downward deflections
represent inward current). Figure modified
from reference [8].
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with 500 nglml cyclosporine dramatically augmented the activa-
tion of both CL and NSCC by ET. In the presence of cyclospo-
rine, CL and NSCC activity increased by > 25-fold after ET
exposure. Augmentation of channel activity by cyclosporine was
not observed when Ca2 was removed from the external bath,
indicating a requirement for extracellular Ca2 entry. However,
adding blockers of voltage-activated, Ca2 channels (10 aM
nifedipine or 10 jiM verapamil) did not prevent cyclosporine-
induced augmentation of channel activity. This suggests that both
classic voltage-activated Ca2 channels and an alternative Ca2
entry pathway mediate mesangial cell contraction by ET and
cyclosporine, respectively. Our future studies will investigate
whether this cyclosporine-induced Ca2 entry is mediated by the
I pS Ca2-permeable channel we have described above.
Cyclosporine-induced augmentation of mesangial cell contrac-
tion by ET would decrease K and contribute to the reduced GFR
observed in acute cyclosporine nephrotoxicity. In addition, insulin
stimulates ET production [29, 35]. Therefore, stimulation of CL
and NSCC activity by ET provides another possible mechanism by
which provision of insulin corrects or prevents diabetic glomerular
hyperfiltration.
Cl channel activation in mesangial cells by Ang II is dependent
on furosemide-sensitive Cl influx
C1 efflux, via the 4 pS CL channel we have described, depends
on the ability of mesangial cells to maintain an intracellular [Cl]1
activity above eleetrochemical equilibrium. Lowering extracellular
[Cl—]0 concentration attenuates mesangial cell contraction and
intracellular [Ca2]1 transients in response to Ang II [171. In
mesangial and vascular smooth muscle cells, growth factors (that
is, Ang II, a thrombin, EGF) stimulate CL influx via the
furosemide-sensitive, Nat1K/2CL cotransporter [36]. Furo-
semide inhibits vascular smooth muscle cell contractility, leading
to clinically relevant vasorelaxation [37]. Therefore, we examined
whether CL influx via the Na/K172CL cotransporter affects CL
efflux via the 4 pS CL channel, and therefore modulates mesang-
ial cell responses to Ang II.
In mesangial cells treated with furosemide for 30 minutes
before cell-attached patching, we observed no change in Cl —
channel activity or unitary conductance [131. However, exposure
to furosemide does shift the CL channel's I-V relationship and
Ercv in a manner which suggests a reduction in intracellular [Cl—]1
activity. When we instead incubated mesangial eel! cultures in
zero extracellular [Cr]0 for 30 minutes prior to cell-attached
patching, Erev also shifted. Pretreatment with furosemide or
removal of extracellular [Cl—]0 also attenuated CL channel
activation by 100 aM Ang II.
Therefore, growth factors stimulate both mesangial cell CL
influx via the Na/K/2CL cotransporter and CL efflux via the 4
pS CL channel. Reducing Cl— influx (and therefore, intracellular
[Cl—]1) through either Na/K/2CL cotransport inhibition by
furosemide or [Cl—]0 removal reduces the eleetrochemical driving
force for Cl efflux via Cl channels. The reduced Cl - efflux
decreases the capacity for mesangial cell membrane depolariza-
tion and inhibits voltage-dependent, Ca2 channel activation. The
ensuing mesangial cell relaxation would increase K and GFR.
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Fig. 7. PDGF-induced single channel and whole cell currents. (A) Single channel current amplitudes (i) are plotted versus voltage for excised, inside-nut
patches established with PDGF-BB (50 nglml) and 110 mM MnCI2 in the pipette, and 140 msi NaC1 in the "cytosolic" bath solution. Inward Mn2
currents and outward NC currents were considered independent and fit to the Goldman-Hodgkin-Katz equation (dashed lines). The solid line is the
sum of the Mn2 and NC currents. (B) A representative current-voltage relationship from amphotericin-B "perforated," whole-cell patch clamp
recordings of a mesangial cell before (•) and after (A) application of PDGF-BB (50 nglml) to the bath solution. The bath solution was (in mM): 110
MnC12, 1 CaC12, 10 HEPES/IMA (pH 7.4) with 10-8 M charybdotoxin and i0 M apamin (to block interfering F currents) and the pipette solution
was (in mM): 43.6 CsCl, 82.2 Cs2SO4, 2 MgCI2, 1 EGTA, 15 HEPES/TMA (pH = 7.20) plus 250 rg/ml Amphotericin-B. Figure modified from reference
[8].
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Fig. 8. Model of growth factor-stimulated, mesangial cell ion channels responsible for mediating Ca2 entry and Ca2 tdependent processes. Ca2 -dependent,
Cl and NSCC are capable of depolarizing mesangial cells and activating classic, voltage-activated Ca2 channels in response to growth-stimulatory
peptides (such as Ang II, ET and insulin). Ca2-permcable, 1 pS cation channels provide an alternative, receptor-operated pathway for Ca2 entry in
response to the growth factor, PDGF.
The diuretic actions of furosemide are usually attributed to its
ability to block renal tubular NaCl reabsorption via the Na!K/
2C1 cotransporter. Combined with furosemide's known vasodi-
latory effects, our preliminaty observations suggest that furo-
semide-induced, relaxation of mesangial and vascular smooth
muscle cells would increase GFR and renal plasma flow providing
an additional hemodynamic mechanism for diuresis.
Summary
Our single channel work has characterized two ion channels
capable of depolarizing mesangial cells and activating classic,
voltage-activated Ca2 channels in response to growth-stimula-
tory peptides (such as Ang II, ET and insulin): (1) Ca2-
dependent, 4 pS C1 channel promoting C1 efflux; and (2)
Ca2-dependent, 27 pS nonselective cation channels promoting
cation influx. We have also characterized a third channel which
provides an alternative, receptor-operated pathway for Ca2 entry
in response to the growth factor, PDGF: (3) Ca2-permeable, 1
pS cation channel.
Consistent with our model of mesangial cell signal transduction
(Fig. 1), these three mesangial cell ion channels are activated by
binding of growth factors to membrane receptors (Fig. 8). Defec-
tive channel regulation, such as occurs in early diabetes mellitus,
would promote mesangial cell relaxation and pathogenic glomer-
ular hyperfiltration. Glomerular hyperfiltration and hypertension
have been proposed to be major pathogenic factors in renal
disease progression [4, 29, 38, Compensatory renal growth
factor responses initially provide adaptive changes in glomerular
hemodynamics after loss of functional renal mass. However,
chronic stimulation of these mesangial cell ion channels by renal
growth factors would promote sustained extracellular Ca2 entry,
resulting in mesangial cell contraction and growth, and progres-
sive decreases in Kf and GFR. Eventually, this process leads to
irreversible renal damage due to the development of glomerulo-
sclerosis and interstitial fibrosis.
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